Abstract: Geophysical survey is a very useful and popular tool used by engineering geologists to examine landslides. We present a case study from the Kapušany landslide, Eastern Slovakia, where a broad spectrum of geophysical methods were applied along two perpendicular profiles in order to compare the ability of the methods to detect as many structural features of the landslide as possible. The 2D Electrical Resistivity Tomography inverse model was capable of defining the geological structure of the landslide and defining the shear zone, however the resolution of the inverse model does not allow us to identify cracks or other minor features of the landslide. These, however, were well recorded in the results of Dipole Electromagnetic Imaging and the Self Potential method. In addition microgravimetry, Gamma-Ray Spectrometry and Soil Radon Emanometry were experimentally employed to validate the results obtained from electrical methods and afterwards final geological models, based on the integrated interpretation of all involved methods were constructed.
Introduction
Landslides of various sizes and types are a very widespread form of slope deformation and represent a serious hazard in urban areas (Hungr et al., 2014) . Geophysical survey methods help to locate landslide areas, especially in identifying potential landslides, but also in monitoring landslide bodies after activation (Prokešová et al., 2014) . Within the scope of the project "Diagnosis of landslides using modern geophysical and engineering geological approaches" we used several geophysical methods to define landslides in geophysical fields. For testing the following methods were used: Electrical Resistivity Tomography (ERT), Dipole Electromagnetic Imaging (EMI), Self Potential (SP), Gamma-Ray Spectrometry (GRS) and Soil Radon Emanometry (SRE) and microgravimetry. The test site is located in the village of Kapušany in eastern Slovakia (Fig. 1) . In May 2010, there was an activation of a landslide below individual houses due to extreme rainfall with a monthly cumulative total of 193.0 mm. As a result of slope movements 11 houses were damaged and 7 of them had to be demolished. The aim of our test on this area was to find out the impact of individual structural parts of the landslide on the observed geophysical fields. Additionally, comparing results of different geophysical methods we try to pinpoint the pros and cons of the involved methods and to create an integrated final 2D model. The motivation to prepare cross-correlated and reliable geological- geophysical models in landslide areas is also to increase the information value for the other cooperating geoscientists. These models can also serve as reference models for long term landslide monitoring using modern geophysical and engineering geological approaches.
The Kapušany landslide is located in the north-western part of the village of Kapušany in the eastern part of Slovakia (Fig. 1) . The actual landslide body is located on the southeast oriented slope beneath Kapušany Castle. Three stages of engineering-geological survey were carried out within the study area. These included a number of drilling works (Čermák and Varga, 1999; Grech, 2010; Laffers et al., 2012) . The activated landslide area (Grech, 2010 ) is approximately 500 m long and 200 m wide (Fig. 1) . The landslide stream contains smaller sub landslides, in the upper part usually having a block character, while in the middle and bottom parts they are formed by several debrisflows. The area of interest is composed of Palaeogene sedimentary rocks, Neogene volcanic rocks and Quaternary sediments. Flysch type sediments of Palaeogene age are composed of layered sandstones, claystones and siltstones. Pyroxene-amphibolite bearing andesites represent the prevailing volcanic rock type in the study area. Quaternary sediments in the upper part of the landslide body are composed of rock and earth debris with fragments of andesite. In the lower part of the landslide body there are mainly clays with fragments of weathered bedrock. The main part of the landslide body is composed of fine grained soils of various gradiometric composition (Grech, 2010) .
Methods
Geophysical measurements of this site were done on two profiles K1 to K2 (Fig. 1) . The profiles are placed perpendicularly to each other, whereas the direction of profile K1 is parallel to the direction of landslide movement and profile K2 is placed across the landslide body. We carried out measurements of ERT, EMI, GRS and SRE on both profiles, gravity and SP measurements were done only on the K1 profile. All the geophysical methods were accurately positioned with a GNSS Trimble GeoExplorer 6000 Series GeoXR equipment in Real Time Kinematic (RTK) mode. RTK measurements were realized using the Slovak official positioning service SKPOS in Virtual Reference Station (VRS) concept.
Electrical Resistivity Tomography
Geoelectrical imaging techniques such as ERT are widely used for studying environmental and engineering problems (Pellerin, 2002) . The ERT produces spatial or volumetric models of subsurface resistivity distributions, from which features of contrasting resistivity may be located and characterized. Methodologies for 2D and 3D ERT data collection and modelling are described, for example, by Dahlin et al. (2002) and Lapenna et al. (2005) .
Most rocks conduct electricity mainly by the movement of ions in pore water. Porosity and pore water composition are the major factors that control the resistivity of rocks. Due to the presence of water, the electrical conductivity of unconsolidated displaced material of a landslide would normally be higher than in the non-sliding material. The conductivity of the sliding material will also be increased if circulation water is highly mineralized or if it includes clay (Bruno and Marillier, 2000) . Therefore, methods that detect changes in subsurface electrical properties can be useful for detecting and mapping the rupture surface of a landslide (Goryainov et al., 1988; Grandjean et al., 2011) . For this purpose we employed ERT and EMI method to reconstruct the subsurface resistivity distribution.
The ERT measurements have been performed using the ARES II equipment (GF Instruments Inc., Brno, Czech Republic). The dipole-dipole and Wenner-Alpha electrode array with 3 m electrode distance were used. For post-processing and data interpretation, the inversion program RES2DINV (Loke and Barker, 1996) was applied. As an input for the inversion a collated dataset from both field datasets was created. A standard least-squares constraint inversion (L 2 norm) with topography was used because it gives optimal results where subsurface geology exhibits a smooth variation, such as the shear zone shape (Dostál et al., 2014) .
Dipole Electromagnetic Imaging
The EMI measurements were made at discrete points (station separation 3 m) with CMD Explorer equipment (GF Instruments Inc., Brno, Czech Republic) with three receiving coils and effective depths of 2.2, 4.2 and 6.7 m. The acquired apparent resistivity readings were filtered for outliers and used directly for interpretation.
Self Potential
The self-potential method (SP) involves the passive measurement of the electrical potential distribution at the ground surface of the Earth with nonpolarizable electrodes. This method maps the electrical potential associated with different charge polarization mechanisms occurring at depth. These mechanisms can be due to an electrokinetic coupling (Birch, 1998; , electrochemical coupling like diffusion of ionic species (Maineult et al., 2004) , oxide-reduction reactions in the case of contaminants (Naudet et al., 2004) or ore deposits (Corry, 1985) ; and thermoelectric coupling (Di Maio et al., 1998; Finizola et al., 2004) . As concerns the landslide, the main source of the SP signal is usually associated with groundwater flow through the electrokinetic coupling. This phenomenon is controlled by the relative motion between the charged mineral surface (negative in siliceous minerals such as clays) and the excess of charges located in the electrical diffuse layer of the pore fluid (Lorne et al., 1999; Revil et al., 1999) . In this scheme, positive charges are carried out in the direction of the fluid flow, producing positive SP anomalies on the surface where water discharge is located and negative SP anomalies in the sites of infiltration. This hydroelectrical conversion can be detected by SP surveys and can allow zoning of infiltration water recharge and runoff areas.
SP method was applied in the fixed-based configuration with non-polarizable electrodes (Cu/CuSO 4 ). The step of measurements was again every 3 m and at every station the potential reading was repeated 3-5 times to ensure the correct measurement and to eliminate noise. The readings were afterwards averaged for every station and the measured values were corrected by the value of polarization of the electrodes.
Microgravimetry
Application of microgravimetry measurement for landslide characterization is rare nowadays. The current level of instrumentation allows us, assuming good knowledge of morphological features of the terrain in question, to detect not only basic geological structures but also to characterize changes in porosity or in jointing. The application of gravity measurements in the monitoring of landslide areas, particularly in the period of expected (potential) increase in the slope activities can be considered highly promising (Bárta et al., 2005) . Gravity measurements on the profile K1 were done using the station separation of 6 m, between the 100 and 210 of profile length the station separation was decreased to 3 m. An instrument used for the data acquisition was Scintrex CG-5 gravity meter with a measurement cycle time of 60 seconds at every station. A total number of 64 gravity readings were processed to remove instrument drift, which was determined by repetitive measurement at the base station located on a concrete plate close to the centre of the profile over a period of 1 hour and afterwards processed into form of complete Bouguer anomaly (e.g. Reynolds, 2011).
Gamma-Ray Spectrometry
It is supposed that the mineralogical and chemical composition of weathering and soil cover is rather monotonous and uniform as the studied landslide area is not large. Therefore, the changes of total gamma activity eUt values are assigned to the variability of clay content in cover (Ruffell and Wilson, 1998) . This way, the profile parts of higher eUt values determine some quasi-homogeneous blocks of more consolidated rock material (slide bodies and stable areas) with higher clay content while the parts with lower eUt values rather indicate the edges of uniform blocks where the rock material is less consolidated, reworked by movement, with lower clay content as the result of washing by precipitation and de-arrangement of particles (Mojzeš, 2000b) . The GRS measurements were done along both profiles K1 and K2 with 2 or 3 m step between stations. Totally, 192 stations were measured, each one of 100 or 120 s of accumulation time. The obtained concentrations of 40 K, 238 U and 232 Th radioisotopes were converted to the total gamma activity eU t [Ur] (1 Ur ∼ 1 ppm eU). A portable gamma-ray spectrometer GS-256 (producer Geofyzika, State Company, Brno, former Czechoslovakia) with scintillation detector NaI (Tl) 76×76 mm and 256-channel analyser was used for measurements.
Soil Radon Emanometry
It is also supposed that the studied landslide did not originate from deep based tectonics. Therefore, the values of soil 222 Rn volume activity a V,222Rn are basically derived from local mineralogical and petrophysical composition of weathering cover (Ramola et al., 2008) . In this way, analogically to the gamma-ray spectrometric results, the higher values of a V, 222 Rn are attributed to quasi-homogeneous consolidated rock blocks and the lower ones to zones of less consolidated, loosened and more permeable material where soil radon gas can escape from soil into the atmosphere (Mojzeš, 2000a; Gajdoš et al., 2002) . The SRE measurements were done along the whole K1 profile and between 0 to 120 m stations on the K2 profile with 1 to 5 m (mostly 3 m) station separation. Totally, 133 stations were measured. Soil air was sampled from the depth of 0.8 m and volume activity of radon isotope 222 Rn a V, 222 Rn [kBq m −3 ] was determined in the air sample. A portable radon detector LUK-3R (producer SMM Inc., Prague, Czech Republic) working on the basis of exchangeable Lucas scintillation ZnS(Ag) cells, was used for measurements.
Results and Discussion
The geophysical survey of the Kapušany landslide was performed in October 2014, when the morphological features of the active part of the landslide were no longer visible on the ground. The integrated interpretation of all used geophysical methods on profiles K1 and K2 allows us to identify minor structural features of the main landslide body (cracks relicts A1-A5; minor earth slides B1-B4), in addition to the main features such as the shear zone, main scarp and lateral landslide extents (Figs 2, 3 ). This contribution is focused on the minor landslide features assessment, which are better visible on the profile K1 situated parallel to the landslide movement (Fig. 1) .
The results of radiometric measurements presented in Figures 2a and 3a do not fully satisfy the theoretical expectations explained in the previous chapter. Local maxima of eU t and a V, 222 Rn curves fit quite acceptably with the positions of minor earth slides (B1-B3 on the K1 profile) and stable areas on both profiles while their local minima corresponding to zones of crack relicts (A1 and A2 and possibly another around 160-170 m on the K1 profile), landslide edges and asphalt roads on both profiles.
There are several special parts with different origins of anomalies: the highest eU t anomaly (up to 22 Ur) and the minimal a V, 222 Rn values between positions x = 220−240 m on the K1 profile are caused by artificial material and technology (ground isolation) used for building foundations. The (Fig. 2b) . Minima in the curve are due to a decrease of the bulk density within the main landslide body as a result of the disintegration of the redeposited sediments. Total amplitude of the low gravity anomaly is 0.25 mGal and width of the anomaly is 156 m (located at x = 48−204 m on profile K1).
The EMI method provides information about the resistivity of the ground only in the near-surface zones, and responds primarily to the presence of the pull-off zones, which can be identified in the data as a sudden drop in the measured resistivity values -anomalies A1 and A2 on profile K1 (Fig. 2c ) and A3-A5 on profile K2 (Fig. 3b) . Accumulation zones of minor earth slides B1-B3 on profile K1 (Fig. 2c ) and B4 on profile K2 (Fig. 3b) can be identified in the resistivity curves as differentiated values for each specific depth.
In the SP field (Fig. 2d) , the crack relict areas A1 and A2 appear as a reduced value of the measured potential -surface water infiltration zone. The position of the anomalies in the SP field correlates well with the EMI results, where the resistivity image shows that the infiltration zones are characterized by lower resistivity values. The observed drop in the resistivity is most likely caused by increased water content in the infiltration zone. Minor earth slides B1-B2 are presented as an increase of the measured selfpotential values, caused by water accumulating in the landslide body. This explanation is not applicable for the zone B3, which indicates continuous ground water flow into the main landslide body.
The main landslide body on profile K1 can be identified in the ERT inverse model (Fig. 2e) as an increased resistivity zone at a depth of about 15 m in the upper part of the profile (x = 0−180 m), whereas the rest of the profile indicates low resistivity contrast between the main landslide body and bedrock. The change in the resistivity image is related to the different composition of the landslide body, whereas the upper part is built by earth debris with fragments of andesite and the lower part is composed mainly by clays with fragments of weathered bedrock. The bedrock is formed by alternating sandstones and clays with slightly lower resistivity values (1-20 Ω m). The shear zone was interpreted in the inverse model based on main two constraints -1) identified shear zone in boreholes INK-7 and INK-2 (Grech, 2010) ; 2) following the 20 Ω m isoline in the inverse model ( Fig. 2e and 2f ). On profile K2, which is orientated across the main landslide body, the interpretation of the shear zone was performed in the same manner as for profile K1, where the involved boreholes were INK-3 and INK-12 described by Grech (2010) . The observed resistivity range 15-40 Ω m in the near-surface zone indicates landslide material composition described for the lower part of the landslide body. The spatial extent of the main body is defined by the A5 anomaly on position x ≈ 130 m. Resolution of both calculated inverse models cannot reliably identify crack relicts A1-A5, however the minor earth slides B1-B4 can be clearly differentiated from the main landslide body, regarding the increased resistivity of these features.
Conclusions
Based on integration of the partial results and interpretations of all involved geophysical methods applied along two perpendicular profiles K1 and K2 in the Kapušany Landslide schematic geological models were compiled ( Fig. 2f and Fig. 3d respectively) . The major information concerning the internal structure of the landslide body was adopted from the Electrical Resistivity Tomography (ERT) inverse model, specifically the shear zone delineation and minor earth slides definition. However the minor features, which are the main objective of this contribution, could be overseen in this model. Therefore additional methods -self-potential (SP), electromagnetic imaging (EMI), microgravity, Gamma-Ray Spectrometry (GRS) and Soil Radon Emanometry (SRE) were essential to gather a broad spectrum of knowledge about the internal structures and mechanisms of the investigated landslide. The application of the SRE and GRS methods for this study contributed to the overall concept only marginally. The correlation of the SRE and GRS results with other involved geophysical methods is rather low, however on the K2 profile the observed minima in SRE and GRS corresponds to the near surface highly resistive body. Very satisfying results were obtained from the electromagnetic imaging, where the measured resistivity field helped to reveal morphological features of the active part of the landslide, which were no longer visible on the ground during this geophysical survey. Combining the EMI results with the SP field a basic water regime mechanism within the landslide body could be determined. An experimental employment of the gravity measurements and GRS accompanied with SRE brought new experience with the applicability of these methods. The Bouguer anomaly curve observed on profile K1 could serve as an additional constraint for the landslides spatial definition. In our case a clear gravity low depicts the position of the landslide body. We explain this phenomenon with the material disintegration within the landslide body, resulting in decreased density of the material.
The proposed combination of geophysical methods and cross-validated interpretation provides a more reliable geological model, which is crucial for information exchange with other geoscientific disciplines, especially for slope stability calculations and hazard assessment.
